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Abstract
In this thesis, intelligent controllers are designed to control attitude for quadrotor UAV
(Unmanned Aerial Vehicle).Quadrotors have a variety of applications in real time e.g.
surveillance, inspection, search, rescue and reducing the human force in undesirable
conditions. Quadrotors are generally unstable systems; the kinematics of quadrotor
resembles the kinematics of inverted pendulum. In order to avoid the possibility of any
kind of damages, the mathematical model of quadrotor should be developed and after
that, the different control techniques can be implemented. This thesis presents a detailed
simulation model for a Quadrotor. For the control purpose, three classical and modern
control strategies are separately implemented which are PID, Fuzzy, and Adaptive Fuzzy
PID for four basic motions roll, pitch, yaw, and Z/ Height. For better performance, error
reduction and easy tuning, this thesis introduces individual controllers for all basic
motion of a Quadrotor. The modeling and control is done using MATLAB/Simulink.
The main objective of this thesis is to get the desired output with respect to the desired
the input. At the end, simulation results are compared to check which controller acts the
best for the developed Quadrotor model
Keywords: Quadrotor, UAV, Adaptive Fuzzy PD, Dynamics, Roll, Pitch, Yaw,
Fuzzy logic Control, PD Control
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Chapter 1 Introduction
1.1 Definition and Classification
A quadrotor or quadcopter can be defined as a “multi-rotor copter with four arms, each of which
have a motor and a propeller at their ends” [1].
UAVs are classified depending upon type of wings as shown in Figure 1-1.

Figure 1-1: UAV Classifications

Quadrotor lies in the category of Rotary wing class of UAVs they are usually used in the
applications that required hovering flights such as search and rescue operations, security,
journalism, emergency response and in military applications [2].
Quadrotors UAV are different from a helicopter for two main reasons
a) The way they are controlled i.e. helicopters are not fully autonomous
b) Second is helicopter can change their blades angle of attack while quadrotor lacks this
functionality.
Quadrotors have many advantages over traditional helicopters such as
a) Quadrotors have Small sizes
b) They are safe to use for civilians because of small rotor.
c) Less complex mechanical structure
d) They are very easy to maintain
e) Due to their maneuverability, they are safer in hazardous situations
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1.2 History
In history, first time quadrotor was developed to solve the problem of vertical flights and in order
to make the blades which are easy to construct. First attempt was made by young engineer
named Etienne Oemichen in the 1920s he named his aircraft Oemichen as shown in Figure 1-2

Figure 1-2: Oemichen Aircraft

First few attempts for flight are failed due to lack of stability of the aircraft. On 11-Nov-1922 a
newer version Oemichen No 2 was able to make a successful vertical flight. Oemichen No 2
was equipped with 4 rotors, 135kw engine, and steel-tube frame. But the performance of
Oemichen No 2 was not up to the mark due to the poor height. [3]. During early 1921 US Army
reached Dr. George de Bothezat and Ivan Jerome to develop a vertical lift aircraft as shown in
Figure 1-3. This machine was occupied with four 8.1meter six-blade rotors with the total weight
of 1678kg and 9m arms. Army wanted the craft to hover at 100m but the aircraft managed to fly
the height of 5m among other technical reasons. The only bright side of this project was that it
was more stable [4].

Figure 1-3: Bothezat an Ivan Jerome Quadrotor 1921
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In March 1956 Convertawings by using the concepts of Oemichen was made for both military
and civil purpose. This craft was flown successfully proving the design of Quadrotor.
Convertawings have 180hp engine, 19‟4” rotor diameter, a length of 26‟ and weight up to
998kg. However the project was closed shortly due to lack of demand. The Figure 1-4 below
shows Convertawings aircraft during flight.

Figure 1-4: Covertawings Aircraft 1956

In 1957 Curtiss-Wright VZ-7 was developed for army due to need for „flying jeep‟ type VTOL.
This aircraft uses very simple design as compared to previous models. This aircraft uses 320kw
engine with 925kg weight. Figure 1-5 shown below shows the model of Curtiss-Wrigh VZ-7
[5].

Figure 1-5: Curtiss-Wright VZ-7 1958

During recent years many researchers are focused on quadrotors few of them are summarized in table 1
[2].
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Table 1: Quadrotors under Research

PROJECT
Dragan flyer

UNIVERSITY/ORGANIZATION YEAR
V Ti
1998

E. Altug

Uni. Pennsylvania

2002-2012

P. Castillo‟s
thesis, A. Dzul

Uni. Compiègne

2003- 015

Starmac

Stanford

2004-2011

Bouabdallah &
Siegwart

EPFL

2004-2011

Cornell
University

Eryk Brian Nice‟s thesis and R.
D'Andrea

2004- 2015

Uni.
Oldenburg

M. Kemper‟s thesis

2006-2009

MIT

P. Tournier and J.P. How

2007- 2015

CrazyFlie

CrazyFlie

2011

PICTURES

1.3 Applications of Quadrotor
Quadrotors are widely used in variety of applications some of the uses includes but not limited to


Photography: Quadrotors are used in covering wedding events as well as they have great
role in real estate photography [6]



Search/Rescue: As quadrotors can safely fly low, are able to access difficult areas and
can easily provide aerial views they are being used for search/rescue missions [6] [7]



Exploring Lava Lakes: Temperature is very high near lava lakes so for the purpose of
better predictions of eruptions in volcanoes and also testing the material present in and
out of the lava lakes drones are used by researchers to get the required information. [6]



Surveillance: Quadrotors are small and quite that‟s why are recently used in antipoaching efforts, building security, border patrolling, prison surveillance, monitoring
crowded protests, traffic monitoring, and for police and private investigations [6] [7]
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Construction: In recent years many companies are using quadrotors to capture the aerial
view of construction sites and utilizing that in the 3D demonstrating done by the
architect. They are also used in monitoring labors and surveying purposes. [6]



Delivery: Large cooperation‟s like DHL, Dominos, FedEx, Amazon are using quadrotors
for delivery of their products. [6]



Sports/News: As quadrotors are much cheaper to operate, highly maneuverable and able
to get closer to the action they have wide use in sports and news [6]



Mining: In mining industries, engineers fit quadrotors with special equipment in order to
search for minerals. They are also used to inspect power lines and after blast areas. [6]



Agriculture: Quadrotors are also used in agriculture majority for the purpose of
spraying. [7]

1.4 Objectives
Following are the objectives of this thesis
I.

Understanding and modeling the mathematical model of Quadrotor

II.

Design a suitable PID controller

III.

Design a Fuzzy logic controller

IV.

Design an Adaptive Fuzzy PID controller

V.

Comparing all the designed controllers and choose the most suitable one

1.5 Methodology
1. Literature Review
2. Quadrotor Modeling
3. Controller Design
4. Simulation
5. Analysis and interpretations
6. Comparison
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1.6 Thesis Structure
This thesis is organized in the following way
Chapter 1 discusses the history, classifications, types and applications of Quadrotor UAV
Chapter 2 discusses in details about the mathematical and Simulink modeling and control
strategies which we have used in this thesis. Chapter 3 covers PID control theory,
implementation of PID to quadrotor and simulation results. Chapter 4 discusses Fuzzy Logic
control, theory and simulation results are discussed in this chapter. Chapter 5 covers Adaptive
Fuzzy PD theory discussed in details afterwards controller design and simulation results are
included. In Chapter 6 comparisons between all developed controllers, conclusions and future
work is presented
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Chapter 2 Understanding Quadrotor
2.1 QUADROTOR CONCEPTS

Quadrotor UAV flies with the assistance of four motors as shown in Figure 2-1 below. For the
purpose of vertical flight two opposite motors rotates in the similar direction. The combination of
opposite motors rotates in the similar direction for stabilization on the x-axis other combination
of opposite motors keeps it stabilizes on the y-axis [8].

Figure 2-1: Quadrotor Motion

Quadrotor UAV is a 6 DOF aircraft, so there are 6 variables (x, y, z, , , and ) that are used to
express its orientation in space. , , and

are also known as Euler‟s angles as shown in Figure

-2-2 below. Details of each variable are as follows [7]


x and y: These variables are used to represent the position of Quadrotor in space.



Z: Defines the altitude of quadrotor



:

or Roll angle it represent angle about the x-axis



:

or Pitch angle it represent angle about the y-axis



:

or Yaw angle it represent angle about the z-axis
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Figure 2-2: Euler Angles Representation

Despite the fact that the quadrotor has 6 DOF, it is furnished just with four propellers;
consequently, it is impractical to achieve the desired set-point for all the DOF, yet at most
extreme four. However on account of its structure, it is very simple to pick the four best
controllable factors and that are Z, Roll, Pitch and Yaw. So for each controllable factor, we can
use any of the two techniques available.
1. Design four separate controllers for each variable
2. Design one controller for all variable
In this thesis method 1 is utilized. The drawback of using one controller for all outputs is it
makes system more complex and very difficult to tune [9].

2.2 System Modeling
In this thesis, Newton-Euler formalism is used to derive the dynamics of the quadrotor.
Following are the assumptions made for the design [10]
a) The Structure is rigid and symmetrical
b) The propellers are rigid
c) Thrust and drag are proportional to square of propellers speed
2.2.1 Dynamics Modeling

This Section describes the quadrotor dynamic model as derived in [10]
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Dynamics of rigid body under the effect of external forces expressed in Newton Euler form as
(

̇
)( )
̇

(

)

(2.1)

( )

Motion of the quadrotor is caused due to set of forces and moments applied by several physical
events. The model presented in this thesis is considering following
Forces along z Axis
Actuator Action
Weight
Yaw Moment
Body gyro effect

Mg

̇ ̇
̇

Propeller gyro effect
Pitch Moment
Body gyro effect

̇ ̇
̇

Propeller gyro effect
Roll Moment
Body gyro effect
Propeller gyro effect

̇ ̇
̇

2.2.2 Equation of Motions

By using equation 1, moments, and forces described in section 2.2.1 equation of motions for
quadrotor can be described as follows [11]
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̈
̈
̈

(2.2)
̈

̇ ̇(

)

̈

̇ ̇(

( ) ̇
̈

̇ ̇(
̈

̈

̈

)

( ) ̇

)

( )

2

In equation 2 m [kg] represent the mass of quadrotor helicopter whereas Ixx [Nms ], Iyy2

2

-1

[Nms ], Izz [Nms ] describes the factors of inertia matrix expressed in body system, J[Nms ]
-1

is the angular momentum and Ω [rads ] is the speed of propeller. U1, U2, U3, U4 are the
inputs or translation vector factors. Basic motions and the speed of the propeller can be depicted
by following equation 3 [12]

(

)

(

)

(

)

(2.3)

(
(

)
)

In equation no 3 l[m], b[Ns2] and d[Nms2] describe the distance between propeller center and
quadrotors center, lift and drag respectively. Ω1 [rads-1], Ω2[rads-1], Ω3[rads-1] and Ω4[rads-1]
are front, right, back and left propeller‟s velocity.
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2.3 Simulink Modeling
Simulink model is divided into three subsections according to the equations as defined in
section above
1. Propellers velocity subsystem (Ω)
2. Attitude computation subsystem ( Roll, Theta, PSI)
3. Altitude computation subsystem (height/Z)
Simulink model of each subsystem is shown below

Figure 2-3: Omega Calculation Block
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Figure 2-4: Angle Computation Subsystem

Figure 2-5: Attitude Computation Subsystem

Considering the equations defined in section 2.2 final open loop model of quadrotor is shown in
Figure 2-6
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Figure 2-6: Quadrotor System

2.4 Control
For the quadrotor model presented above for each input separate controller is designed. This
thesis presents three controller design techniques
1. PD Control
2. Fuzzy logic Control
3. Adaptive Fuzzy PD Control
Details of controllers are presented in Chapter No 3, 4 and 5 respectively after that comparison is
made between all three schemes to determine which controller suits best for the designed system
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Chapter 3

PID Control of Quadrotor

3.1Basics of PID Control
A PID controller has three terms a Proportional, Integral and Derivative. PID is used in
automatic control field since the dawn of last century. Nowadays most of the electrical devices
are using PID control either in the form of stand-alone or in functional blocks for example in
PLCs and DCSs. PID control can be implemented in following ways [13]


Feedback Control



On-Off Control

3.1.1 Feedback Control

The advantage of feedback control in contrast to open loop control is that it is easier to get the
desired response because the controller can measure the output and can determine the input
signal that needs to process. Typical feedback control system is represented in the Figure 3-1
below

Figure 3-1: Typical Feedback Control System

In Figure 12 F represents feed forward filter, P represents the process and C represents the
controller. r represents the input or the reference signal, d is disturbance, n is noise, y is the
output and e=r-y which is the calculated error that is compared to the reference signal. Feedback
is significant to keep the output as close to the desired input in spite of any disturbances and
noise in the process [13]
3.1.2 On-Off Control

The simplest application of PID control is On-Off control. The control variable just takes two
values which are max and min. This control law can be described with the following equation
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(

)

(3.1)

u defined in the equation above represents the control variable when error is positive u is set to be at
maximum and when error is negative u is set to minimum. The only disadvantage of using On-Off control
is that a constant oscillation may occur in the process variable [13].

3.2 PID Operation
As mentioned above PID consist of three controllers that are P, I and D all of them perform
different functions as described in the coming sections
3.2.1 P Controller

In first order system mostly P or Proportional controller is used to avoid adding any complexity
in the system. P controller has main characteristic of reducing the steady-state error of the system
under consideration. P act as a constant or gain represented as K when K increases, it reduces but
not eliminates the steady-state error of the system. The reason why P control is not used alone in
some cases is that it introduces overshoots and large settling time in the system so P controller
can only be used when the system can tolerate the lags and oscillations. P can be implemented in
the system as shown below [14].

Figure 3-2: P Controller

3.2.2 PI Controller

PI controller combine both the characteristic of both Proportional and Integral controller. Main
advantage of using a PI controller is to eliminate the steady-state error completely. Like P
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controller PI cannot reduce the settling time and overshoots of the system. PI controller can only
be used in the systems where the speed is not an issue [15]. Implementation of PI controller is
shown in the Figure 3-3 below.

Figure 3-3: PI Controller

3.2.3 PD Control

PD controller is the combination of Proportional and Derivative controller. The most distinguish
feature of PD controller is stability as it can predict the errors. Introducing the derivate part with
proportional can reduce overshoots and settling time as the result of that system is much faster.
PD implementation is shown in the Figure 3-4 below [14]

Figure 3-4: PD Control

3.2.4 PID Control
PID controller is used widely in all the applications. Advantages of using a PID controller are that it
eliminates steady-state error, overshoots, settling time and improve stability. Mathematical equation of
PID can be shown below
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(3.2)

∫
`PID can be implemented as shown in Figure 3-5 below

Figure 3-5: PID Controller

3.3 PID Control of Quadrotor
Simulink is used to develop the controller. For the control of quadrotor four PD type controllers are used
in order to achieve the desired output. Each controller is described below.
3.3.1 Roll Controller

For the purpose to control the roll angle of the quadrotor control input can be defined as [16]

( ̇

̇)

(3.3)

Where

U2
Kp
Kd

Control Input
Proportional Gain
Derivative Gain
Roll Desired
d
Actual Roll
The equation above can be implemented in Simulink as shown in Figure 3-6 below
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Figure 3-6: PD Roll Controller for Quadrotor

In order to get the desired output we have to tune the PD controller with the values of Kp=1 and
Kd=2.
3.3.2 Pitch Controller

Control input for Pitch angle can be defined as equation below [16]

( ̇

̇)

(3.4)

Where
U3

Control Input

Kp

Proportional Gain

Kd

Derivative Gain

θd

Pitch Desired

Θ

Actual Pitch

The equation above can be implemented in Simulink as shown in Figure 3-7 below

Figure 3-7: PD Pitch Controller For Quadrotor

In order to get the desired output we have to tune the PD controller with the values of Kp=1 and
Kd=2.
3.3.3 Yaw Controller

To control Yaw angle of the quadrotor control input can be defined as [16]

( ̇

̇)

(3.5)

Where
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U4

Control Input

Kp

Proportional Gain

Kd

Derivative Gain

ψd

Yaw Desired

Ψ

Actual Yaw

The equation above can be implemented in Simulink as shown in Figure 3-8 below

Figure 3-8: PD YAW Controller for Quadrotor

In order to get the desired output we have to tune the PD controller with the values of Kp=1 and
Kd=2.
3.3.4 Altitude Controller

Implementation of Altitude or Z controller is a bit different as of Roll, Pitch and Yaw because in
this the nonlinearities of found in z dynamics should be canceled [16]. Control input of Z
controller can be defined as

(3.6)

Where
U1

Control Input

Kp

Proportional Gain

Kd

Derivative Gain

Zd

Height Desired

Z

Actual Height

The equation above can be implemented in Simulink as shown in Figure 3-9 below
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Figure 3-9: PD Height Controller for Quadrotor

In order to get the desired output we have to tune the PD controller with the values of Kp=40
and Kd=1.5.

3.4 Simulation
The simulation in this thesis is using the parameters as mentioned in Bouabdallah PHD thesis as
shown in table below [10].
Table 2: Quadrotor Parameters

Ixx

0.0075

Iyy

0.0075

Izz

0.0130

Jr

6.50x10-5

B

3.13x10-5

D

7.50x10-5

L

0.23

M

0.65

Simulation is carried out using Matlab/Simulink taking Unit Step as input all the results are
shown below.

33

a. Control Input U1

b. Control Input U2

c. Control Input U3

d. Control Input U4
Figure 3-10: Control Input Response
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a. Roll Response

b. Pitch Response

c. Yaw Response

d. Height Response

Figure 3-11: Altitude and Attitude Response
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Table 3: Response Using PD Control

Settling Time
12 sec
12 sec
12 Sec
10sec

Roll
Pitch
Yaw
Z/Altitude

Amplitude
1
1
1
1.2

All the data extracted from figure 3-11 is displayed in the table 3 above. By looking at table 3 we
can observe that there is no steady state error present in the system but the settling time using PD
control is almost 12sec. Pitch and Yaw angle are also showing no steady state error and show
the similar settling time of 12 sec. Height response as shown in (d) have a slightly smaller
settling time of 10secs but there are overshoot and undershoots of around 50% is present.

3.5 Discussion
By looking at the final responses shown in Figure 3-11 we can observe the following


The response of the roll angle is good in terms of the amplitude but settling time is very
high i.e. 10sec.



Pitch is showing similar behavior as roll the only problem we are facing is the large
settling time which is not tolerable.



YAW angle also differs from the input in the terms of settling time



Z/height response show very different behavior in contrast to roll, pitch and yaw. There
are large number of undershoot and overshoots in the output response, settling time and
amplitude is also not same as the desired input.

So we came to conclusion that the system needs to be improved for that we are going to
implement other control techniques mentioned in chapter 3 and 4

Chapter 4 Fuzzy Logic Control of Quadrotor
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4.1 Fuzzy Logic Basics
In 1965 Lotfi Zadeh developed fuzzy logic as a mathematical tool to deal with uncertainty.
Fuzzy logic is based on if-then linguist rules that are easy to define for example variable t is
represented as temperature in fan based cooling system the fan should start working at the t>25C
so a linguist value of HOT is assigned to t>25. Fuzzy based systems helps to describe the
problems that are ill defined in much easier way [17].
The reasons of using fuzzy logic are as follows
1. If you have proper knowledge of the system under consideration Fuzzy Controllers are
much easier to implement as compared to the conventional controller. [18]
2. Fuzzy logic based controller are more robust. [18]
3. For the nonlinear systems such as a Quadrotor fuzzy logic can provide more suitable
control [18] .
Fuzzy logic has variety of applications some of which are stated below.
1. In Aerospace industry it is used for altitude and attitude control of aircrafts and satellites.
[19]
2. Speed, traffic and cruise control in Automotive industry [19]
3. Washing machines, Air conditioners and other electronic appliances. [19] [20]
4. In chemical industry it has vide application for PH control and chemical distillation
process. [19]
5. Fuzzy logic is also utilized for Digital image processing and image stabilization [20]
6. Artificial intelligence in modern games is also using Fuzzy logic [20]
7. In Business individual use fuzzy logic for the support of decision making and personal
evaluation. [19]
8. Another major application of fuzzy logic is the estimation of minerals on the digging site.
[20]

4.1.2 Key Components of FLC

Fuzzy logic Control is divided into five main components [21]
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1. Defining of Input variables
2. Fuzzification
3. Fuzzy Rules
4. Defuzzification
5. Defining output variables
A Fuzzy logic system is shown in the Figure 4-1 below

Figure 4-1: Fuzzy Control System

4.1.3 Defining Input Variables

In most of the systems input variable is the desired value we want to get from the system under
consideration. Fuzzy logic controller worked as a human expert. In most of the systems two
input variable are defined which are error and change in error. Error input usually tells us about
the error we are getting from our system whereas change in error is the difference between the
desired value and the value of the system. All of this requires a deep understanding of the system
if some information is missing one should implement another sensor or technique to get the
information [17].
4.1.4 Fuzzification

Fuzzification is divided into two parts
a) Membership functions derivation for both input and outputs
b) Linguistic variable representation
According to the use one can choose from triangular, trapezoid, Gaussian, sigmoidal, bell-shaped
and s-curve membership functions as shown in Figure 4-2 below [22]
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Figure 4-2: Fuzzy Membership Functions

Nonlinear systems such as a Quadrotor need dynamic variation so triangular or trapezoid
functions can be used. Basic function of Fuzzification process is to convert the classical data into
membership functions as they describe how the input should be fuzzified [22].

4.1.5 Fuzzy Rules

The most critical and most important part of fuzzy logic based control system is to define IFTHEN rules. IF part usually represents an event and THEN part is the action against that event
for example IF temperature=High THEN fan=on as shown in Figure 4-3 below [22].

Figure 4-3: Matching Fuzzy rules with Conditions

The overall efficiency of the system depends upon how well the rules are defined. Rules can be
defined using these ways [21]


System knowledge
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Experimentations



Previous work or examples

4.1.6 Defuzzification

The results of fuzzy cannot be used to for the system application so in order to process the fuzzy
data must be converted to crisp data [23]. There are many methods available for Defuzzification
available the most used method is known as centroid method. In centroid method area under the
curve is calculated as shown in Figure 4-4 below

Figure 4-4: Centroid Defuzzification

4.2 Advantages of Fuzzy Logic
Following are the advantages of fuzzy logic control as mentioned in [24]
a) The biggest advantage of a FLC is that it can be used with a conventional PID
controllers
b) Fuzzy logic provides easy computation
c) FLC is considered to be most flexible controller
d) Fuzzy based systems are can learn easily so can be used in adaptive applications
e) FLC provides the most easiest and convenient user interface
f) Due to FLC flexibility any number of inputs and outputs can be processed and generated
g) Due to its robustness it is always noise free

4.3 FLC Based Quadrotor Control
For quadrotor control four different controllers for roll, pitch, yaw and height are developed.
Main objective is to design a controller which is least complex.
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4.3.1 Rule Base

By experimentation and careful observation following rule base is defined for all four
controllers.
Table 4: Quadrotor Rule Base

Height
NB
E
N
Z
P

N

GDM GD
GUM GD
GD
S

Z

P

PB

GD S
GU
S
GU
GUM
GU GUM GUM

Where
N
Z
P
GUM
GU
S
GDM
GD
NB
PB

Negative
Zero
Positive
Go Up Much
Go Up
Stand
Go Down Much
Go Down
Negative Big
Positive Big

For quadrotor control triangular, trapezoid and Gaussian membership functions are used. Input
range is from [-2, 2] whereas output variable lies in the range of [-15, 15]. Following are the
membership defined for each controller as shown in figures 4-5 to 4-7.

Figure 4-5: Error Input Membership Function
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Figure 4-6: Derivative of Error Input Membership Function

Figure 4-7: Output Membership Function

4.3.3 Roll Controller

The equation for control input is same as described in the section 3.3.1. Saturation blocks are
used in the design of the controller to avoid the any situation that can take value out of the
defined range.

Figure 4-8: Fuzzy Roll Controller
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4.3.4 Pitch Controller

For pitch controller equation for control input is same as described in the section 3.3.2.
Saturation blocks are used in the design of the controller to avoid the any situation that can take
value out of the defined range

Figure 4-9: Fuzzy Pitch Controller

4.3.5 Yaw Controller

Similarly yaw controller equation for control input is same as described in the section 3.3.3.
Saturation blocks are used in the design of the controller to avoid the any situation that can take
value out of the defined range

Figure 4-10: Fuzzy Yaw Controller

4.3.6 Altitude Controller
The control input for height/altitude can be defined as

To control Yaw angle of the quadrotor control input can be defined as [16]

( ̇

̇)

(4.1)

Where
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U1

Control Input

Kp

Proportional Gain

Kd

Derivative Gain

Zd

Height Desired

Z

Actual Height

Figure 4-11: Fuzzy Height Controller

4.4 Simulation
Quadrotor parameters are same as described in the section 3.4 .The simulation is carried out
using Matlab/Simulink taking Unit step as input results are shown below
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a. Control Input U1

b. Control Input U2

c. Control Input U3

d. Control Input U4
Figure 4-12: Fuzzy Control Input Response
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a. Roll Response

b. Pitch Response

c. Yaw Response

d. Height Response
Figure 4-13: Fuzzy Altitude and Attitude Response
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Table 5: Response Using FLC

Roll
Pitch
Yaw
Z/Altitude

Settling TimePD Control
12 sec
12 sec
12 Sec
10sec

Amplitude-PD
Control
1
1
1
1.2

Settling TimeFuzzy Control
4 sec
4 sec
2.8 sec
3.5 sec

AmplitudeFuzzy Control
1.12
1.12
1.12
1.17

All the data extracted from figure 4-13 is displayed in the table 4 above. By looking at table 4
and comparing them with the results of PD control technique we can observe that the settling
time is improved from 12sec to 4sec while using fuzzy logic but we have to pay the cost of rise
in amplitude which is around 1.12. There is also an overshoot of around 20% present in the roll
angle. Settling time is also improved by 8 sec in the case of pitch angle but still there is an
overshoot of 18% present and the settling amplitude is also same as roll which is 1.12. There is
no overshoot present in the Yaw angle and settling time is also improved which is now 2.8sec as
compared to 12 sec in PD control and Yaw angle is showing amplitude of 1.12. There is a very
major difference in height response as compared to the PD control there are no notable
undershoot present but there is an overshoot of 14% present which also diminish very quickly
and improved settling time of 3.5 sec is observed in altitude response. Altitude response is
showing amplitude of 1.17 which is better than 1.23 as compared to PD control.

4.5 Discussion
By looking at the responses shown in Figure 4-13 (a-d) we can observe the following


Roll response is better in terms of settling time but on the cost of oscillation and
increased in the amplitude in the system.



Pitch response is similar to the roll but in this case value of overshoot is higher than in the
case of roll angle.



No oscillations are recorded in YAW angle and settling time is much closer to the desired
input. The only problem we are face is amplitude which is a bit higher than desired input.



In height response we have seen a big change in the oscillation. Using fuzzy logic
control oscillation is almost close to zero and we can also observe the change in settling
time but the problem of amplitude still persist.
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In order to deal with the amplitude problem we have to use another control system technique as
mentioned in chapter 5.
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Chapter 5 Adaptive Fuzzy PD Control of Quadrotor
5.1 Adaptive Control
Adaptive control scheme is used in order to let the real time system change its value to any
external error by itself. As the name suggest Adaptive Fuzzy PD is a mixture of adaptive fuzzy
and PID control technique. Most of the details regarding adaptive control are provided in [17].
Adaptive control can be categorized in two schemes
1. Direct adaptive control
2. Indirect adaptive control
5.1.1 Direct Adaptive Control
Direct adaptive control is illustrated in Figure 5-1. In both control strategies there is an identifier
also known as “Adaption Mechanism” which measures the unknown parameters of the system.
In direct adaptive control identifier acts as a controller which measures the error in output and
makes necessary changes to follow the set point. This is also called MRAC (Model Reference
Adaptive Control). [25] [17]

Figure 5-1: Direct Adaptive Control

5.1.2 Indirect Adaptive Control
In Indirect Adaptive control is shown in Figure 5-2. In indirect adaptive control online estimation of plant
parameters takes place. The identifier checks for changes in plant parameters and if some changes occur it
will tune the controller accordingly.
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Figure 5-2: Indirect Adaptive Control

5.1.3 Adaptive VS Conventional Control

Adaptive control has many advantages over conventional control such as [26]
1. In conventional control disturbance in system measurements are done using control
variables whereas in adaptive control measurements are done using IP (Index of
Performance) [26]
2. Adaptive control uses IP to control the system whereas in conventional control we take
reference input for the purpose of control. [26]
3. Conventional control only uses controller whereas in adaptive control controller and
adaptation mechanism is used in parallel to achieve the desired output. [26]
5.1.4 Adaptive control applications

Now a day‟s adaptive control is the most researched area of control systems few are the
applications of adaptive control mentioned in [27]
1. Autopilot of aircrafts, ships and missiles system
2. Chemical reactors
3. Heat Exchangers
4. Digesters
5. Cruise control systems
6. PH measurement systems
7. Power systems
8. Heating and ventilating systems
9. Motor drives
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5.2 Adaptive Fuzzy PD Control
As the name suggests this control technique is a mixture of two control techniques which are
fuzzy and PID control the block diagram is shown below

Figure 5-3: Fuzzy Adaptive PID Control

As mentioned in the section above adaptive control is basically a method which can tune and
operate a system in a real time environment [28]. Conventional PD controllers are the most used
controller in industrial applications but in robotic applications the biggest drawbacks of these
controllers are overshoots and oscillation near settling points so this can be improved using a
fuzzy logic control [29]. When we design an adaptive controller basic principle is to determine
the relationship of fuzzy logic with the parameters of classical PD controller and also with the
error and change of error. The error and change of error is supplied to the fuzzy logic controller
and we get change in Kp and Kd as an output from the fuzzy logic controller [30].

5.3 Adaptive Fuzzy PD Based Controller
In this control design we are using the same fuzzy rules and membership functions as defined in
sections 4.3.1 and 4.3.2 respectively.
5.3.1 Roll Controller

For the control input we use the same equation as mention in section 3.3.1. The total kp and kd
can be described by the following equation

(5.1)
(5.2)
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Where

Kp1

Designed Proportional Gain

Kd1

Designed Derivative Gain

Kp2

Adjustable Proportional Gain from Fuzzy Controller

Kd2

Adjustable Derivative Gain from Fuzzy Controller

Figure 5-4 shows the roll controller based of AFPD technique

Figure 5-4: Adaptive Fuzzy PD Roll Controller

5.3.2 Pitch Controller

For the control input we use the same equation as mention in section 3.3.2. The total kp and kd
equation is also the same as in 5.3.1. Figure 5-5 below shows the Pitch controller

Figure 5-5: Adaptive Fuzzy PD Pitch Controller

5.3.3 YAW Controller

For the control input we use the same equation as mention in section 3.3.3. The total kp and kd
equation is also the same as in 5.3.1. Figure 5-6 below shows the Yaw controller
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Figure 5-6: Adaptive Fuzzy PD YAW Controller

5.3.3 Altitude Controller

For the control input we use the same equation as mention in section 4.3.6. The total kp and kd
equation is also the same as in 5.3.1. Figure 5-7 below shows the Altitude controller

Figure 5-7: Adaptive Fuzzy PD Height Controller

5.4 Simulations
To carry out simulation quadrotor parameters are same as described in section 3.4. Simulation is done
using Matlab/Simulink environment and results are shown below.
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a. Control Input U1

b. Control Input U2

c. Control Input U3

d. Control Input U4
Figure 5-8: AFPD Control Input Response
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1. Roll Response

2. Pitch Response

3. Yaw Response

4. Height Response

Figure 5-9: AFPD Altitude and Attitude Response
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Table 6: Response Using Adaptive Fuzzy PD Control

Roll
Pitch
Yaw
Z/Altitude

Settling
Time-PD
Control

Amplitude
-PD
Control

12 sec
12 sec
12 Sec
10sec

1
1
1
1.2

Settling
TimeFuzzy
Control
4 sec
4 sec
2.8 sec
3.5 sec

Amplitude
-Fuzzy
Control
1.12
1.12
1.12
1.17

Settling
TimeAFPD
Control
3.5 sec
1.5 sec
2.5 sec
3.5 sec

Amplitude
-AFPD
Control
1
1
1
1

Simulation data extracted from figure 5-9 is summarized in table 6 as shown above. By looking
at table 6 and comparing them with the results of PD and Fuzzy logic control technique we can
observe In Roll angle response the amplitude is exactly at 1which is matching with our required
input. Settling time of roll angle is now 3.5sec which is improved as compared to both PD
control and Fuzzy logic control. In Pitch angle there was an overshoot present in the system
when we were using Fuzzy logic control but using adaptive technique the amplitude is 1 which is
equals to our requirements. Settling time is AFPD is also reduced to 1.5sec. After using Fuzzy
logic the only problem left with the YAW angle was the amplitude which was at 1.17 but using
AFPD it is now at 1. Settling time is also reduced to 2.5sec which was 2.8sec in fuzzy logic
control and 12 sec in PD control. In Altitude/Z response the settling time remain almost the same
as it were in FLC and PD control. Amplitude of the altitude is settling at 1 which matches the
input and there is an overshoot of 12% present in the system which is tolerable as it diminishes
very quickly.

5.5 Discussion
Figure 5-9 (a-d) shows that the adaptive fuzzy PD technique. We found this technique the best
due to following reasons


The output response of the Roll is equal to the desired response no oscillations, no
amplitude variations are noted. Settling time is also very close to the desired input



Pitch response is similar to the roll response no oscillations, no amplitude variations are
noted. Settling time is also very close to the desired input
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The only problem for the Yaw angle before using Adaptive technique was the raised in
amplitude but using Adaptive control we achieved the desired amplitude as well.



Using adaptive fuzzy technique the settling time and amplitude of Z/Height response is
also equal to the desired input.

So the main objective of this work is achieved using Adaptive Fuzzy PD technique

.
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Chapter 6.

Conclusion and Future Work

6.1 Comparison
Comparison between PD, Fuzzy and Adaptive Fuzzy PD can be done by looking at the Figures
6-1 to 6-4.

Figure 6-1: Roll Response Comparison

By looking at the Roll response in figure 6-1 we can conclude the following: Settling time is
improved as compared to PD control technique. There is no overshoot or undershoot recorded in
Adaptive fuzzy PD technique which was the case in Fuzzy logic control. The amplitude of the
output using Adaptive Fuzzy PD control technique is almost the same as the input. So we can
easily conclude that Adaptive Fuzzy PD is the best control technique we can use for the
quadrotor model describe in chapter 2. Improvement in settling time and amplitude can be seen
in the table 7 below
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Table 7: Comparison Roll

Settling

Settling

Settling

Amplitude Amplitude Amplitude

Time PD

Time FLC

Time

PD

FLC

AFPD

1

1.12

1

AFPD
Roll

12sec

4sec

3.5sec

By looking at table 7 we can easily see that settling time is 3.5 sec while using Adaptive fuzzy
PD technique as compared to PD and FLC which was 12 sec and 4 sec respectively. The settling
amplitude is now 1 which is equal to our desired input and this was not the case when we were
using FLC.

Figure 6-2: Pitch Response Comparison
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We can conclude the following after reading the responses as shown in the Figure 6-2: While
using the classical PD control technique the only problem we were facing was the settling time
of the output with respect to input which is reduced while introducing Adaptive Fuzzy technique
with the PD control. Likewise, no oscillations are observed and the response of the system is
almost the same as the input which was not the case in fuzzy control technique. Table 8 gives us
the comparison between the settling time and amplitude of all the techniques that we have used.
Table 8: Comparison Pitch

Settling

Settling

Settling

Amplitude Amplitude Amplitude

Time PD

Time FLC

Time

PD

FLC

AFPD

1

1.12

1

AFPD
Pitch

12sec

4sec

1.5sec

Table 8 shows the comparison between all the control techniques. We can easily notice that the
amplitude is now exactly at 1 which was not in the case of FLC. In AFPD control technique
settling time is reduced to 1.5sec which is very close to our desired input.
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Figure 6-3: YAW Response Comparison

The comparison YAW response using all techniques is mentioned in figure 6-3. It can be clearly
observed that the Adaptive Fuzzy PD technique is the most suitable technique because the issue
of large settling time in PD technique and the amplitude of the response above the required
response in the Fuzzy control technique is resolved. The system is showing stable behavior using
Adaptive Fuzzy PD technique. Table 9 is showing the comparison between the control
techniques.
Table 9: Comparison Pitch

Settling

Settling

Settling

Amplitude Amplitude Amplitude

Time PD

Time FLC

Time

PD

FLC

AFPD

1

1.12

1

AFPD
YAW

12sec

2.8sec

2.5sec
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By looking at table 9 we can notice that settling time is 2.5 sec while using Adaptive fuzzy PD
technique as compared to PD and FLC which was 12 sec and 2.8 sec. The settling amplitude is
now 1 which is equal to our desired input and this was not the case when we were using FLC.

Figure 6-4: Z Response Comparison

Figure 6-4shows the Z or altitude response of the quadrotor. Controlling the height is the most
difficult and challenging task in the control of quadrotor UAV. When we used the PD technique
as shown in the figure above there are lots of over and undershoots in the system which is not
acceptable in our case and when we are using fuzzy control technique major part of the
oscillation vanishes but the amplitude of the output is not same as the input. in order to deal with
the problems stated above, we have to introduce the Adaptive Technique. The advantage of using
adaptive technique is that the settling time and the amplitude of the system improved and it is
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almost same as the input. In table 10 we can compare the numerical values of all the applied
control schemes.
Table 10: Comparison Z

Settling

Settling

Settling

Amplitude Amplitude Amplitude

Time PD

Time FLC

Time

PD

FLC

AFPD

1.23

1.17

1

AFPD
10sec

Z

3.5sec

3.5sec

Table 10 shows the comparison between all the control techniques. We can easily notice that the
amplitude is now exactly at 1 which was not in the case of FLC. In AFPD control technique
settling time is reduced to 3.5sec which was lacking when we were using PD control technique.

6.2 Conclusion
In this thesis a nonlinear mathematical model of quadrotor is presented and implementation of
the presented model is done through Matlab/Simulink. The presented model also considered
rotor dynamics and aerodynamic effects which in most of the literatures are not considered
during modelling. Three different control systems techniques were developed; PD control, Fuzzy
control and Adaptive Fuzzy PD control. Most of the controllers in the previous literature are
using single controllers to control the whole system but which was very difficult to tune. We
have purpose four separate controllers for each input using minimal input. The main advantage
of using an individual controller for every input is better performance and better easy tuning. A
complete simulation and results are described in the chapters 3, 4 and 5 respectively. By looking
at the graphs above and from the conclusion mentioned in section 3.5, 4.5 and 5.5 we can
conclude the following


No overshoots and undershoots are discovered in the adaptive fuzzy controller.



Settling time is improved by 65% using adaptive fuzzy PD control technique.



Desired output is achieved using Adaptive fuzzy logic controller.
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Adaptive fuzzy PD control is the most suitable controller for the quadrotor model
presented in this thesis.

6.3 Future Work

For the future work following we recommend the following


Presented model is not considering any load, faults and disturbances that might occur
during the quadrotor operation so that this should be modeled in Simulink environment to
test the developed controllers



Other control system design techniques such as LQR, Sliding motor control (SMC), Back
stepping motor control and Robust control techniques should be implemented to compare
the results with the Adaptive fuzzy control



The integral controller can be added in Adaptive Fuzzy PD to check the differences in
performance.



More accurate model of Quadrotor can be used for simulations



For the purpose of better response more fuzzy rules and membership functions can be
utilized.
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Appendix A
A.1 Quadrotor Parameters Initialization
global Jr Ix Iy Iz b d l m g Kpz Kdz Kpp Kdp Kpt Kdt Kpps Kdps
ZdF PhidF ThetadF PsidF ztime phitime thetatime psitime Zinit
Phiinit Thetainit Psiinit Uone Utwo Uthree Ufour Ez Ep Et Eps
Ix = 7.5*10^(-3); %inertia around X axis
Iy = 7.5*10^(-3); %inertia around Y axis
Iz = 1.3*10^(-2); %inertia around Z axis
Jr = 6.5*10^(-5); %Total rotational moment
b = 3.13*10^(-5); %Thrust factor
d = 7.5*10^(-7);

%Drag factor

l = 0.23;

%Distance to the center of the Quadrotor

m = 0.65;

%Mass KG

g = 9.81;

%Gravitational acceleration
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A.2 Plotting
sim('QuadPID_V1');
sim('SAHI_HAI_G');
sim('ll');
Figure(1)
p=plot(Adap_Phi(:,1),Adap_Phi(:,2),'r',Adap_Phi(:,1),Adap_Phi(:,
3),'m',PD_PHI(:,1),PD_PHI(:,3),'--',F_PHI(:,1),F_PHI(:,3),'g');
p(1).LineWidth = 2;
p(4).LineWidth=3;
grid on
title('Adaptive Fuzzy PD and PD Comparison (PHI)')
xlabel('Time')
ylabel('Amplitude')
legend('Adaptive PD','Desired','PD','Fuzzy')
Figure(2)
q=plot(Adap_Theta(:,1),Adap_Theta(:,2),'r',Adap_Theta(:,1),Adap_
Theta(:,3),'m',PD_Theta(:,1),PD_Theta(:,3),'-',F_THETA(:,1),F_THETA(:,3),'g');
q(1).LineWidth = 2;
q(4).LineWidth=3;
grid on
title('Adaptive Fuzzy PD and PD Comparison (THETA)')
xlabel('Time')
ylabel('Amplitude')
legend('Adaptive PD','Desired','PD','Fuzzy')
Figure(3)
r=plot(Adap_Psi(:,1),Adap_Psi(:,2),'r',Adap_Psi(:,1),Adap_Psi(:,
3),'m',PD_Psi(:,1),PD_Psi(:,3),'--',F_PSI(:,1),F_PSI(:,3),'g');
r(1).LineWidth = 2;
r(4).LineWidth=3;
grid on
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title('Adaptive Fuzzy PD and PD Comparison (PSI)')
xlabel('Time')
ylabel('Amplitude')
legend('Adaptive PD','Desired','PD','Fuzzy')
Figure(4)
s=plot(Adap_Z(:,1),Adap_Z(:,2),'r',Adap_Z(:,1),Adap_Z(:,3),'m',P
D_Z(:,1),PD_Z(:,2),'--',F_Z(:,1),F_Z(:,2),'g');
s(1).LineWidth = 2;
s(4).LineWidth=3;
grid on
title('Adaptive Fuzzy PD and PD Comparison (Z)')
xlabel('Time')
ylabel('Amplitude')
legend('Adaptive PD','Desired','PD','Fuzzy')
clc
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Appendix B
B.1 Block Diagrams with PD Control

69

70

B.2 Block Diagrams with Fuzzy Logic Control
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B.2 Block Diagrams with Adaptive Fuzzy PD Control
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